White Carnaew pigeons were exposed to drinking water containing various concentrations of lead to study the relationship between exposure and tissue deposition and the relationship between the concentrations of lead in kidney and morphologic alterations. The concentration of lead in the blood was the only tissue which showed a linear increase with respect to the concentration of lead in the drinking water. The concentration of lead in the liver, kidney, brain, heart, aorta, and pancreas increased in response to lead in the drinking water; however, these increases were not linear with respect to lead exposure. Similar results were obtained for rats and mice exposed via the drinking water to 2, 20, or 200 ppm lead; however, the concentration of lead in tissues was substantially greater in pigeons. Kidneys from rats and mice appeared normal following the exposure of 200 ppm lead for 4 months, whereas, in kidneys from pigeons exposed to 200 ppm for a similar period of time there was tubular degeneration, fibrosis, and acid fast intranuclear inclusion bodies. These pathoanatomic alterations may be related to the concentration lead found in the kidney in pigeons. The concentration of lead in the kidney was 3,930 pg gram dry weight for pigeons but only 40 and 6 pg for mice and rats respectively. These studies suggest that the pigeon is more responsive to ingested lead than the rat or mouse. The renal lesions induced by chronic lead exposure are similar in pigeons and man suggesting that the pigeon may be useful animal model to study the yet unanswered questions related to chronic nephritis following lead poisoning.
INTRODUCTION
T HAS been suggested that lead may affect birds in much the same way as it does mammals I (Morgan et al., 1975, Vengris and More, 1974) . In water fowl exposed to lead, electrocardiogram abnormalities have been observed by Karstad (1971) and Sileo et al. (1973) . In ducks exposed to metallic lead, liver atrophy, gall bladder distension, hydropericardium, and degeneration of kidney 'Oak Ridge Research Institute and Biology Division, Oak Ridge National Laboratory, Oak Ridge, TN. *Environmental Protection Agency, Cincinnati, OH.
By acceptance of this article, the publisher or recipient acknowledges the U.S. Government's right to retain a nonexclusive, royalty-free license in and to any copyright covering the article. tubules have been observed by Irwin and Karstad (1972) . Dietz et al. (1977) have reported a learning disability in pigeons (White Carneaux) exposed to lead acetate. Similar abnormalities have been reported (Der et al., 1974; Goyer and Rhyne, 1973; Slob et al., 1973; Stowe et al., 1975; Willoughby et al., 1972) in mammals.
The tissue deposition and nepthrotoxicity of lead has been well documented in mammals.
However, in birds neither the tissue deposition nor the relationship between the concentration of lead in the kidney and microscopic lesions have been defined. The present studies were performed to determine the relationship of lead exposure via the drinking water to tissue deposition and the relationship of kidney lead to histopathological changes in the kidney. Comparative studies of lead nephrotoxicity and tissue deposition among rats, mice, and pigeons exposed to lead in drinking water were also performed.
MATERIALS AND METHODS
Male White Carneaux pigeons, 6 months of age, were obtained from Palmetto Pigeon Plant (Sumter, SC) and observed for intestinal infections for at least 14 days prior to treatment. The tissue deposition of lead was determined by exposing groups of 10 pigeons to drinking water that contained 2, 20, or 200 ppm lead chloride for 4 months. At 2,4, 6. 8. 12, and 16 week intervals blood samples were collected from wing veins into heparinized tubes and blood lead was determined by atomic absorption spectrometry. Control pigeons (i.e. groups of 6) were exposed to drinking water that,contained less than 10 ppb lead chloride. Samples of blood obtained from the control and experimental pigeons at various time intervals were solubilized with soluene-350 in plastic vials at 60°C for 1 hr. Lead was determined on aliquots of this suspension as described below.
Male Sprague Dawley rats and CDF black mice, 3 months of age were exposed in groups of 4 to drinking water containing 2, 20, or 200 ppm lead chloride for 4 months. Control animals (Le., groups of 4) were exposed to drinking water containing less than 10 ppb lead. Samples of blood were collected from the femoral vein at 2,4,6.8, 12, and 16 week intervals and blood lead determined as outlined for the pigeons. At the end of 3 or 4 months the experimental and control animals were killed by decapitation and buffered ice-cold saline was infused via the aorta arch for 3 min. After perfusion, liver, kidney, pancreas, brain, heart, and aorta were removed, blotted, weighed, placed into acid washed vials, and lyophilized to a constant weight. These tissues were frozen, pulverized to a powder, and then diluted to known volume with soluene-350. After the addition of soluene-350 the vials were placed into an oven at 60°C for 4 hr to solubilize the tissues. The volume of each sample was readjusted with soluene-350, aliquots were removed, and lead determined by atomic absorption spectrometry.
Determination of Lead
Surgical instruments and plastic (i.e., vials and plastic tips) used in this study were washed with concentrated nitric acid (ACS) and rinsed thoroughly with deionized distilled water.
The stock lead nitrate solution was a lo00 ppm (lo00 pglml) certified atomic absorption standard obtained from Fisher Scientific. Standards were prepared daily by diluting an aliquot of the stock solution with soluene-350. Lead determinations were made on the standards, blood, and tissue samples with a Perkin-Elmer (Model 603) atomic absorption spectrophotometer. This instrument was equipped with a deuterium background corrector, a rapid response strip chart recorder, EDL lead lamp (Perkin-Elmer), and a HGA-2000 graphite furnace. The instrument was operated at an absorption line of 217.6 nm with a lamp current of SmA and 0.7-mm slit width. A 20 pl sample of test material was injected into the graphite furnace. The sample was then dried for 30 sec at 110°C. charred at 700°C for 30 sec, and atomized at 2250°C for 8 sec. The graphite furnace was operated with an argonhitrogen purge.
The accuracy of the procedure used to determine lead concentfations in these studies was checked as follows: an aliquot of lead nitrate solution (0.2 ppm) was added to 1 ml of whole blood from con-trol pigeons, rats and mice, and this mixture was vortexed and blood lead determined as described above. The percent of recovery was: pigeon, 98%; rat 96%; and the mouse, 98%. NBS reports 31 bg lead/g dry weight for a liver standard and we recorded 39 pg lead/g dry weight in this standard (a difference of 20.5%) using the method outlined above.
Light Microscopy
Representative samples of liver, aorta and kidney were fixed in 2.5% glutaraldehyde for 24 hr, washed, and embedded in paraffin. Sections were stained with Masson trichrome stain (1929) or with the modified Ziehl-Neelsen stain (Molnar, 1952) . These light microscopy studies were performed on the above tissues isolated from pigeons, mice, and rats exposed to 2,20, or 200 ppm lead chloride for 3 or 4 months. At each concentration of lead 3 animals were killed and the light microscopy studies performed.
Statistical Method
In the experiments in which statistical analyses were performed, results were analyzed by Student's "t" test. The expressions p c 0.05, p < 0.01. and p c 0.001 are used to indicate significance at the 5, 1 and 0.1% levels respectively.
RESULTS
The exposure of pigeons, mice, and rats to drinking water experimentally contaminated with lead chloride resulted in a significant increase in the concentration of lead in blood (Table 1) . At each level tested, the concentration of lead in pigeon blood was significantly greater than the concentration of lead in blood from either the mice or rats exposed to similar drinking water lead. Unlike the mouse or rat, the concentration of lead in blood from pigeons increased in proportion to the concentration of lead in the drinking water. Barthalmus et al. (1977) observed blood levels of 1.5 mg lead/100 ml of blood from pigeons exposed by daily intubation of 25 mg lead/kg/day for 17-33 days. In this study, pigeons exposed via the drinking water to 20 ppm lead chloride for 30 days had considerably lower concentrations (0.28 mg/100 ml) of lead in blood. At 200 ppm, concentrations of lead in blood averaged 3.3. mg/100 ml after 30 days of exposure. The level of blood lead observed in pigeons exposed to 200 ppm lead would be comparable to the observations of Barthalmus et al. if the amount of water ingested and body weight were considered. For example water consumption in pigeons (425-500 g body weight) (1977) observed 50% mortality during 17-33 days of 25 mg/kg/day of lead exposure. All pigeons exposed to 2 ppm or 20 ppm survived 16 weeks of lead exposure.
As shown in Figure 1 , the blood lead in the pigeons, mice and rats reached a steady state during the 12-16 week period of lead exposure (20 ppm). Concentrations of lead in blood from rats and mice increased slightly up to week 12; thereafter, concentrations of lead in the blood were constant. A similar pattern was observed in pigeons although the blood level in the pigeon was considerably higher than observed in mice and rats exposed to similar drinking water lead. Table 2 shows the concentration of lead in several tissues from pigeons exposed to lead in the drinking water. At each level of exposure the concentrations of lead in tissues were significantly increased over control values. The kidney contained the greatest concentrations of lead followed by the liver, aorta, brain, pancreas, and heart respectively. However, unlike blood, the increases in each tissue were not linear with respect to the amount of lead in the drinking water. Furthermore, the ratio of tissue lead to blood lead did not rise in proportion to the level of exposure. Table 3 is a comparison of lead concentration in tissues from rats, mice, and pigeons exposed to drinking water that contained 200 ppm lead chloride. In the mice and rats, blood lead was significantly increased following exposure to 200 pprn lead. However, the increase in blood lead in these rodents was not as great as observed in pigeons exposed to 200 pprn lead. In other tissues from Control (6) mice, rats, and pigeons, the largest concentrations of lead were always found in tissues from pigeons. It is thus evident that the tissue deposition of lead in tissues is greater in the pigeon than it is in mice or rats. Table 4 shows the ratio of tissue lead to blood lead in rats, mice, and pigeons after exposure to 200 ppm lead. The liver, kidney, and brain from the three species show an increase in this ratio.
However, the magnitude of increase between species varied. For example, in the kidney this ratio was increased by 4-fold in the rat, 21-fold in the mouse, and 178-fold in the pigeon. The heart from *The rats and mice were exposed for 4 months and the pigeons for 3 months. the three species showed a decrease in the ratio, whereas in the aorta this ratio was either unchanged (rats and mice) or increased (pigeons).
Microscopic examination of the kidney, liver, and aorta obtained from 6 pigeons exposed to 200 ppm lead for 4 months revealed the following: acid-fast intranuclear inclusion bodies in renal epithelial cells of the proximal convoluted tubules (Figures 2a, b) and in hepatocytes; tubular degeneration, hemorrhage, and fibrosis in the kidney (Figures 2c, d) ; and occasional necrotic areas in the liver and aorta. Acid-fast intranuclear inclusion bodies and tubular degeneration were occasionally observed in the kidneys from 4 pigeons treated with 20 ppm lead for 4 months. Heart, aorta, liver, and kidney obtained from pigeons exposed to 2 ppm lead and rats and mice exposed to 2,20 or 200 ppm lead appeared normal microscopically. Tumors of the kidney, like those induced by lead administration to rats (Boyland et al., 1%2; Van Esch et al., 1%2) , were not observed in the present study.
DIS CUSS10 N
The present studies were performed to determine if blood-lead levels and tissuelead concentrations were comparable in pigeons, mice and rats exposed to 2, 20, or 200 ppm lead chloride in the drinking water for 3-4 months. Concentrations of lead in the blood from pigeons exposed to 20 or 200 ppm lead for 3-4 months were 10-30 times higher than in blood from mice and rats exposed to 20 or 200 ppm for the same period of time. The sequestration of lead in intranuclear inclusion bodies found in the nucleated erythrocyte of pigeons may account for this difference. Barthalmus et al. (1977) observed inclusion bodies at the ultrastructural level in erythrocytes from pigeons exposed to lead. In the present study, inclusion bodies were observed in erythrocytes from lead-exposed birds using the modified Ziehl-Neelsen stain. Thus the induction of the intranuclear inclusion bodies in the erythrocytes of the pigeon may serve as an extensive storage site for lead that would account for the difference in blood lead between the pigeon and rat or mouse. The concentration of lead in tissues from pigeons exposed to 200 ppm lead for 3 months was higher than it was in tissues from mice or rats exposed to 200 ppm lead for 4,months. Intranuclear inclusion bodies were not observed in the liver or kidney obtained from rats and mice; however, they were observed in both kidney and liver from treated pigeons. Thus, there appears to be a relationship between the induction of intranuclear inclusion bodies and the accumulation of lead in tissues.
In the brain, heart, and aorta from the three species exposed to 200 ppm lead, intranuclear inclusion bodies were not observed using the modified Ziehl-Neelsen strain, although the tissue levels were significantly increased over control values. Ultrastructural studies are presently being conducted to determine if intranuclear inclusion bodies are present in these tissues but were not detected by our method. Port (1976) has shown that when rats or gerbils were exposed to 500 ppm lead for 12 weeks, concentrations of lead in kidney increased to 12 and 89 pg/g of kidney respectively. These concentrations are considerably lower than were observed in pigeons exposed to 200 ppm lead for 3 months. Differences between the pigeon, rat, and gerbil may be related to the blood-lead achieved following lead exposure. Thus, blood lead of 11 mg/100 ml found in pigeons exposed to 200 ppm lead may induce intranuclear inclusion bodies in more renal epithelial cells than do lower concentrations. Such a suggestion was evident in the kidneys of pigeons exposed to 20 or 200 ppm lead. The number of renal epithelial cells with intranuclear inclusion bodies was considerably greater in kidneys from pigeons exposed to 200 ppm than it was in those exposed to 20 ppm lead.
Differences between the pigeon, rat, and gerbil may be related to the amount of lead absorbed and/or excreted. The presence of circulating nucleated red blood cells in the pigeon may provide an extensive storage site for lead thus, reducing the excretion of this element. However, since the tissue level of lead in pigeons exposed to 200 ppm lead was considerably higher than the level observed in rats or mice exposed to a similar level of lead suggests species differences in the amount or rate of lead absorption via the gastrointestinal tract. Emmerson (1963) stated the case for lead as a cause of the contracted kidney in man and referred to chronic lead nephropathy as an established entity. However, some laboratory animal studies have not confirmed the suspected relationship of lead to chronic nephritis (Pejie, 1928; Tange et at., 1965;  Van Esch et al., 1962) . The present studies indicate that pigeons exposed to lead given in drinking water develop chronic nephropathy with tubular degeneration, fibrosis, and intranuclear inclusion bodies. These findings in the pigeon are comparable to those observed in man following prolonged exposure to lead (Goyer, 1971) . Kidney biopsy findings in cases of chronic human lead poisoning include fibrosis, vascular disease, tubular degeneration, and intranuclear inclusion bodies (Morgan, 1%8; Morgan et al., 1%6) . Griffith and Lindauer (1944) showed that rats exposed to lead developed hypertension, but later workers were unable to confirm this finding (Pardoe, 1952) . Since atherosclerosis and hypertension are common findings in vascular disease, the relationship of these processes to chronic lead exposure and the pathological findings in the pigeon and human require further evaluation.
These studies showed that the pigeons were more responsive to ingested lead than rats or mice. Thus, species difference may be an important factor when determining the toxic effects of lead (Port et al., 1975) . The renal lesions induced by chronic lead exposure are similar in pigeons and man, strongly suggesting that the pigeon may be a useful animal model to study the yet unanswered question($ related to chronic nephritis due to lead poisoning.
